To take into account the presence of multiple light-induced defect states in hydrogenated amorphous silicon (a-Si:H) the evolution of the entire spectra of photoconductive subgap absorption, ␣(h), has been analyzed. Using this approach two distinctly different light-induced defect states centered around 1.0 and 1.2 eV from the conduction band edge are clearly identified. Results are presented on their evolution and respective effects on carrier recombination that clearly point to the importance of these states in evaluating the stability of different a-Si:H solar cell materials, as well as elucidating the origin of the Staebler-Wronski effect.
To take into account the presence of multiple light-induced defect states in hydrogenated amorphous silicon (a-Si:H) the evolution of the entire spectra of photoconductive subgap absorption, ␣(h), has been analyzed. Using this approach two distinctly different light-induced defect states centered around 1.0 and 1.2 eV from the conduction band edge are clearly identified. Results are presented on their evolution and respective effects on carrier recombination that clearly point to the importance of these states in evaluating the stability of different a- Si Light-induced ͑LI͒ degradation in hydrogenated amorphous silicon (a-Si:H) is not only of scientific but also of technological interest because of its limitations on the performance of a-Si:H-based solar cells. Materials for solar cells have been extensively studied and the results on the LI gap states measured on thin films are used to predict the stability and performance of the solar cells. Because LI degradation is generally associated with the creation of dangling bonds, the emphasis has been on determining their evolution under illumination. 1 Although the neutral dangling bond (D 0 ) defect density can be directly measured with electron spin resonance ͑ESR͒ the most commonly used method is photoconductive subgap absorption as a function of photon energy ␣(h). Generally, ␣(h) is interpreted solely in terms of D 0 defect states, where their densities are directly related to the magnitude ͉␣(h)͉, typically for h 1.1 to 1.3 eV. Such an approach has been used to explain a plethora of results on LI changes in carrier recombination and their annealing. However, results have also been reported that point to the introduction of other defect states and that ␣(h) cannot be interpreted in such a simple manner. 2 This includes the widespread range of relationships found between lightinduced changes in ͉␣(h)͉, N D 0 as measured by ESR, and electron mobility lifetime ͑͒, as well as the absence of any correlations with the fill factors ͑FFs͒ of solar cells. [3] [4] [5] In this letter, contributions to the ␣(h) of multiple defect states at and below midgap are addressed by analyzing the evolution of the entire spectra rather than just their magnitude. Although any direct correlation of these defect states below midgap with the carrier recombination is limited by the presence of states above midgap, two distinctly different light induced defect states centered around 1.0 and 1.2 eV from the conduction band ͑CB͒ edge are clearly identified and their evolution found to be consistent with the corresponding changes in .
The results presented here are on two materials having radically different microstructure and consequently degradation kinetics. One is a protocrystalline material deposited with Rϵ͓H 2 ͔/͓SiH 4 ͔ϭ10 at a deposition rate of 0.5 Å/s, and the other is an undiluted Rϭ0 material deposited at a rate of 20 Å/s. 6, 7 The photoconductive subgap absorption, for h 0.9 to 1.5 eV, was measured using the dual-beam photoconductivity method, 8 and the absolute values of ␣(h) obtained with a normalization procedure to transmission and reflection measurements developed by Jiao et al. 9 The studies were carried out on 1-m-thin films, and the electron products were measured with volume absorbed light. Both the ␣(h) and measurements were carried out at 25°C with the LI changes obtained under 1 sun illumination with tungstenhalogen lamps with IR filters.
Shown in Fig. 1 are the products at carrier generation rates of 10 19 cm Ϫ3 s Ϫ1 for the two materials in the annealed state ͑AS͒ and their changes under 1 sun illumination at 25°C. Also shown are the products for the Rϭ10 material at 75°C. It can be seen in Fig. 1 that in the AS, the product of the Rϭ10 material is about five times higher than in the Rϭ0 material, as is generally expected for better quality materials. Although there is a similarity in the kinetics of their initial LI changes, there is a marked difference in their evolution towards a degraded steady state ͑DSS͒. At 25°C, the protocrystalline material attains a DSS in approximately 100 h, whereas in the Rϭ0 material, the commonly reported kinetics with ϳt Ϫ1/3 extends for 400 h with no approach to DSS. It should be noted here that after 150 h, the product are ϳten times higher in the Rϭ10 than in the Rϭ0 material. When the temperature of degradation is raised to 75°C, there is virtually no change in the kinetics of the 20 Å/s material, whereas the Rϭ10 reaches a DSS with a values that is ϳtwo times higher than at 25°C.
In Fig. 2 , the ␣(h) spectra are shown for the two materials in the AS, as well as after 150 h of degradation at 25°C. Also shown are the results for the DSS of the Rϭ10 film degraded at 75°C. The effects of the valence band states on ␣(h) spectra can be observed above 1.3 eV, where the values for the two materials differ because of their bandgaps (E ␣2000 ), which are 1.86 and ϳ1.80 eV for the Rϭ10 and Rϭ0 materials, respectively. In the AS, the ͉␣(h)͉ in the region from 1.1 to 1.3 eV, commonly used in evaluating ␣(E), is ϳfour times lower than that of Rϭ0 material. Although this is consistent with the values of , it is important to note the striking difference between the shapes of the ␣(h) spectra. The Rϭ0 spectrum has the commonly found shoulder, whereas the Rϭ10 continually decreases with h due to its protocrystalline nature. This clearly indicates a significant difference in the intrinsic gap states of the two materials.
In the degraded states, the differences between the various spectra are subtler since they have similar values of ␣(h). After 150 h of illumination at 25°C, the Rϭ0 film clearly develops a shoulder similar to that in the Rϭ0 material. The ͉␣(h)͉ values in the region 1.1 to 1.3 eV in the two materials are consistent with those of ; higher ͉␣(h)͉ values correspond to lower values. However, the small difference of ϳ30% in ␣͑1.2 eV͒ is completely inconsistent with the difference of a factor of 10 in the products.
Similarly, the reduction in ␣͑1.2 eV͒ values of the Rϭ0 material in the 75°C DSS is consistent with the corresponding higher values of , but not by the factor of Ͼ2. Since for the Rϭ0 material, no difference in kinetics is present between 25 and 75°C, as expected, there were none in the ␣(h) spectra. It is quite apparent from the results just discussed that the evolution of multiple defect states has to be taken into account in interpreting ␣(h) spectra. This becomes even more evident from the ␣(h) spectra for hϽ1.1 eV, which, as can be seen in Fig. 2 , are virtually identical despite the large differences in the corresponding products.
Any interpretation of ␣(h) in terms of the density and energy distribution of multiple defect states is complicated by the nature of photoconductive subgap absorption, which is determined by N(E), the densities of electron occupied states, and not directly by the total defect density N DEF . Photoconductive subgap absorption is determined from the absorption of photons, which excite electrons into the extended states in the CB, whose density is then measured as the generated photocurrent. Thus, for any given photon energy, ␣(h) is a measure of the number of electrons excited into the CB (E C ) which are located within h of E C and is given by
The integral takes into account that h can excite electrons located E C ϪEϽh. N CO (EϪE C ) 1/2 is the parabolic distribution of extended states in the CB. k depends on the dipole matrix elements for transitions from localized to extended states and is assumed to be constant. 10 In the case of a single type of defect state, it is possible to relate N(E) to N def (E) directly because the occupation of these states is constrained by charge neutrality. However, in the case of multiple defect states the electron occupation of each type of state is determined by the kinetics of carrier recombination and depends not only on their energy distribution in the gap, but also on their relative densities and capture cross sections of the states. 11 Despite these complexities, information can be obtained about the evolution of the light-induced defects ͑LIDs͒ and in particular their energy distributions. In order to relate ␣(h), which includes the contributions from all the electron-occupied states at energies within h from E C , to the energies of the defect states relative to E C , it is necessary to take the derivative of the ␣(h) spectra. In the case when N(E) change rapidly with E, such as a Gaussian distribution, the effect of N CO (EϪE C ) 1/2 on the joint density of states is small. Consequently, the derivative of Eq. ͑1͒ yields
The evolution of the LI gap states can be characterized by normalizing the values obtained from Eq. ͑2͒ for kN(E) after degradation to that in the AS, yielding
The P(E) spectra obtained from the results in Fig. 2 are shown in Fig. 3 , where their magnitude represents the increase in the densities of electron-occupied states at different energies in the gap from the AS. Because of the complexities mentioned earlier, quantifying the P(E) spectra in terms of N DEF (E) cannot be made without numerical modeling. 12 Nevertheless, it is possible to identify their energy distributions and relate the differences to those in , which clearly is not possible for ͉␣(E)͉. From the results in Fig. 3 , the creation of two distinctly different LID states centered around 1.0 and 1.2 eV from E C can be clearly identified. In the case of the Rϭ0 material after 100 h of degradation at 25°C, there is a predominant contribution from the peak around 1.2 eV that dominates the spectrum, with an almost negligible tail extending towards midgap. In the case of the protocrystalline material, on the other hand, this contribution to the P(E) spectrum is drastically reduced, so that there is now a broad peak centered at 1.0 eV, with only a shoulder at 1.2 eV. The creation of large densities of the LID states in the Rϭ0 material around 1.2 eV can be attributed to its poor microstructure due to the fast rate deposition rate. Clearly identifying these states and distinguishing them from those around 1.0 eV cannot be as readily done in materials deposited at slow rates. This enormous difference in P͑1.2 eV͒ between the two films seen in Fig. 3 clearly indicates the presence of a large difference in their gap state, which is then reflected in the factor of 10 difference in their corresponding products. A more quantitative comparison can be made between the contributions of the two states from ͉P(E)͉ spectra on the same material under different degradation conditions. It is seen in Fig. 3 , that for the Rϭ10 material in the improved DSS at 75°C, there is only a slight reduction in the defect states around 1.0 eV. The much larger suppression of those around 1.2 eV, on the other hand, can explain the values that are a factor of Ͼ2 higher. However, since no corresponding information is currently available about the states located above midgap, no definite conclusions can be drawn about the nature of these two defect states.
The results presented here, which identify distinctly different LID states centered around 1.0 and 1.2 eV from E C and their respective effects on carrier recombination, are consistent with a variety of results which cannot be explained in terms of a single state located around midgap. 2 Their evolution is also consistent with the presence of ''slow'' and ''fast'' defects, 13, 14 as well as with the degradation kinetics of a-Si:H films and cells. 15 Since recently direct correlations have been established between the LI changes in and the FF of corresponding solar cells, 14 it is important, therefore, to take into account the presence of at least these two defect states in evaluating the stability of a-Si:H solar cell materials. No conclusions are drawn here about the defects associated with these states; however, their distinct differences in their creation kinetics cannot be overlooked in the attempts on establishing the origin of the StaeblerWronski effect.
